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Abstract—The selected research activities on integrated optics com-
ponents and devices using periodic structures are reviewed, with em-
phasis on the authors’ works employing the electron-beam writing
technique. The periodic structures include static gratings and dynamic
ones produced through acoustooptic (AQ) and electrooptic (EQ) ef-
fects. They provide a variety of passive functions and effective means
for guided-wave control. The review is made from the integration point
of view, including the most recent results, First, the theoretical fun-
damentals are outlined and the electron-beam writing techniques, in-
cluding the writing system, are discussed. Next, passive components
(grating deflectors, filters, lenses, couplers, ete.) and elements for
guided-wave controlling and detecting (AO and EO grating elements
and photodetectors) are described. Then, integrated optic devices, i.e.,
wavelength demultiplexers, RF spectrum analyzers, optical disk
pickup, etc., are presented. Finally, the possibility of future applica-
tions is discussed.

I. INTRODUCTION

INCE the earliest stage of integrated optics research,

periodic structures in waveguides have been of great
interest [1]-[5]. The periodic structures for integrated op-
tics include not only passive (static) optical gratings, but
also dynamic (controllable) ones which are produced
through acoustooptic or electrooptic effects by applying
electric signals to periodic electrodes.

The importance of the periodic structures or gratings '

results from the variety of functions they can perform.
1) Phase Matching and Wave Coupling: The phase
matching function of gratings gives rise to various cou-

plings of two (or more) waves satisfying the matching .

condition. Therefore, gratings can serve as input/out-
put couplers, waveguide interfaces, deflectors, reflectors,
mode/polarization convertors, and mode/polarization fil-
ters, etc.

2) Wavefront Conversion: Modulated gratings per-
form various complex wavefront conversions based upon
the principle of holography. A typical example is the lens
functions. Two or more functions, e.g., deflection, split-
ting and focusing, can be fused into a wavefront conver-
sion; they can be realized by a single grating component.

3) Wavelength Dispersion: Gratings are typically ele-
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ments of high wavelength dispersion; functions 1) and 2)
are wavelength dependent. This enables their application
to wavelength filters, separators/combiners, and multi-/
demultiplexers.

Thus, gratings provide many of the passive functions,
and the dynamic gratings can be an effective means for
guided-wave control.

Recent research and development activities in inte-
grated optics have been directed to the implementation of
fully integrated, complex devices incorporating several
functions to perform a specific operation. Also, from the
integration point of view, the periodic structures offer
many advantages.

1) Planar Structure: The gratings have a planar struc-
ture within a thin layer. This implies they can be fabri-
cated by the well-established planar microfabrication pro-
cesses, i.e., photo and electron-beam lithographies. They
are mass-producible with excellent accuracy and repro-
ducibility.

2) Many Functions: The many and complex functions
realizable with gratings of the same or similar structure

“minimize the number of components and the fabrication
.process. Several kinds of grating components can possi-

bly be fabricated simultaneously.

3) Redundancy: The characteristics of periodic ele-
ments are insensitive to point (and line) defects. This as-
sures good yield, even in complex integrated devices.

Along with the versatility and the integration compati-
bilities, applications of periodic structures are an attrac-
tive subarea of increasing importance.

In this paper, the authors would like to review the cur-
rent status of technology in the subarea of integrated op-
tics using periodic structures, especially from the integra-
tion point of view. The emphasis is on the authors' work
employing the electron-beam writing technique. Some of
the most recent results and discussions of future works are
also included. At first, the theoretical fundamentals re-
quired for the analysis and design of gratings for inte-
grated optics are outlined in Section II. Then, Section III
presents the fabrication techniques based upon electron-
beam writing including the writing system construction.
Section IV describes the passive components. Section V
presents elements for guided-wave controlling and de-
tecting, i.e., acoustooptic and electrooptic grating ele-
ments and integrated photodetectors. Section VI presents
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integrated optic devices, i.e., wavelength demultiplexers,
RF spectrum analyzers, an optical disk pickup, and an
optical printer head, etc., which are constructed by inte-
grating elements described in Sections IV and V. And fi-
nally, Section VII discusses the possibilities of future ap-
plications in selected fields.

II. FUNDAMENTALS

Since there are many review articles dealing with the-
oretical analysis and the design of grating components for
integrated optics [4]-[7], only the fundamental concepts
and formulas required in the following sections will be
outlined here.

A. Waveguide Grating Descriptions

Fig. 1 shows various grating structures in a waveguide.
They can be classified into the index modulation type and
the relief type. In either case, the grating can be described
by the change in the (relative) dielectric permittivity Ae
caused by the grating in the fundamental waveguide struc-
ture. Being a periodic function, Ae can be written in Fou-
rier series as

Ae(x, y, 2) = 2 Ae,(x) exp (—jgK - 1) (1)
q

in the grating layer and Ae¢ = 0 outside the layer. The
grating vector K is in the plane of waveguide (yz plane),
and the magnitude is correlated with the period A by |K|
= K = 2«/A. Equation (1) can be used not only for the
index modulation type [Fig. 1(a)], but also for the relief
type [Fig. 1(b)]. The relief can be described by a binary
permittivity modulation Ae(x, y, z) taking the values for
the relief material and the air, and Ae(x, y, z) is written
in Fourier series with the coeflicient Ae (x) dependent only
on x.

B. Coplanar Coupling Between Guided Waves

In a planar waveguide, guided waves can propagate in
arbitrary directions along the plane of the waveguide. A
grating in such a structure couples guided waves, of the
same or different modes, propagating in different direc-
tions. The coplanar coupling is of great importance be-
cause of the many functions, e.g., guided-wave deflec-
tion, reflection, mode and polarization conversion, mode
and wavelength filtering.

The phase-matching condition, i.e., the Bragg condi-
tion, for the coupling between two guided waves having
propagation vectors f3; and B, respectively, is given by

Bs =B + gK(g = £1, £2, -+ +) )
where g is the order of diffraction. The vector §§ has the
magnitude |B| = B3, which is correlated with the wave-

length in free space A and the mode index n, by 8 =
2w, /N

An important parameter related to the thickness L of the
grating is Q defined by

0 = K*L/B. (3)
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Fig. 1. Various grating structures for integrated optics.
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Fig. 3. Wave vector diagram of coplanar coupling.

The parameter is used to classify the coplanar coupling
into two categories. When Q =< 1, the coupling is the
Raman-Nath diffraction which is characterized by the
generation of many diffraction orders and a relatively low
efficiency; the details will not be discussed here. When Q
= 10 (*‘thick’” grating), on the other hand, the coupling
is the Bragg diffraction which allows high diffraction ef-
ficiency into one order.

Fig. 2 shows the coplanar Bragg grating configurations.
The wave vector diagram near the Bragg condition (2) is
depicted in Fig. 3. The Bragg condition (2) can be re-
written as

cos (B3 — 9) = —(B + ¢'K* — F2BgK  (4)

where ;5 is the (gth order) Bragg incident angle. Assum-
ing

Af; = 0; — O, AN =N — A (5)

are deviations in angle and wavelength, respectively, from

the Bragg condition, the phase mismatch 2A (Fig. 3) can
be written as

2A = —|qKB; sin (¢ — B;5)/3, cos 8,5]A0; (6)
—lgK cos (0,3 — ¢)cos 8,5](ANN). (7

The characteristics of Bragg gratings have been analyzed
by the coupled-wave theory [8]. [9].
1) Transmission-Type Coupling: The diffraction effi-

2A =
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ciency is given by

n = sin® (B + )" + 1Y) (8)
v = kL/~cos 6; cos 8, E=A-L )

where « is the coupling coefficient. Under the Bragg con-
dition (2A = 0), (8) reduces to

Ny = sin’ » = sin® (kL/~cos 8, cos 6,) (10)

and shows that the efficiency is a periodic function of »
and 100 percent efficiency is obtained when » = #/2.

2) Reflection-Type Coupling: The diffraction effi-
ciency is given by

=[1 + (1 — &/%/sinh’® (v — )17 a1
v = kL/vcos f;|cos 6,], & =A"L. (12)

Under the Bragg condition (2A = 0), (11) reduces to
Mo = tanh® » = tanh® (kL/vcos 6,|cos B4)

and shows that the efficiency is a monotonic increasing
function of » giving n = 84.1 percent for » = /2.

The Bragg gratings exhibit angular and wavelength se-
lectivities, i.e., the reduction of efficiency due to the de-
viation from the Bragg condition. The selectivities can be
evaluated by combining (5)-(7) with (8) and (9) or (i1)
and (12). The coupling coefficient « can be calculated by
making a overlap integral of Ae,(x) in (1) with the rele-
vant guided mode field profiles [9], [10].

The above-described coplanar couplings include, as a
special case, the collinear couplings where the propaga-
tion vectors of the relevant waves are parallel to each
other. Such collinear grating configurations can be used
with channel waveguide(s) structure as well as with planar
waveguide.

Although this paper does not include a review of active
integrated optics devices, it should be mentioned that one
of the most important current applications of periodic
structures is distributed feedback (DFB) and distributed
Bragg reflection (DBR) lasers [4], [11], [12], which use
the collinear contradirectional coupling for the reflector
function.

(13)

C. Coupling Between Guided a_ﬁd Radiation Waves

Fig. 4 illustrates the coupling between a guided wave
and radiation waves. When a guided wave enters the grat-
ing region, the grating (the vector parallel to the guided-
beam propagation) yields spatial harmonics with propa-
gation constants

B, = By + gK
Bo = B. (14)

If orders ¢ which satisfy |8,| < n.k or |8,] < n.k are
present, the harmonics radiate into the air and/or the sub-
strate with the angle 0 and ¢} given by

n.k sin 6y = n.k sin 63 = 8,

(g =0, £1, £2, - -+ ),

= nk + gK, (15)

respectively. Whereas Fig. 4{a) and (b) shows the multi-
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(a}) MULTIBEAM COUPLING (b) TWO-BEAM COUPLING

Fig. 4. Coupling between guided wave and radiation wave by a grating.
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Fig. 5. Input and output coupling by a grating.

beam and two-beam couplings, respectively, with the first-
order radiation into both air and substrate, a larger grating
period results in multibeam coupling with first-order sub-
strate radiation. The guided wave leaks through radiation
due to the distributed coupling; the guided wave ampli-
tude decays exponentially.

Fig. 5 illustrates the input and output couplings. The
output coupling efficiency of a grating coupler havmg a
length L can be written as

q[l — exp (—2«,.L)] (16)

for the gth order (i) radiation, where i(=c or s) distin-
guishes air and substrate. Here o, denotes the radiation
decay factor and P, (equal to the efficiency for L = o) is
the fractional power to g — i radiation. The output beam
has the exponential profile g(z) as shown in Fig. 5(a). The
input coupling efficiency, on the other hand, can be writ-
ten [13] as

T.'irr_m; = Pi;*’(g, h);

L <2 - po o
Ig, h) = HO gh dzJ/H_m & dz S_

(.

"itht) =

(17)

n dz} (18)

for a ¢ — i input having a profile h(z) as shown in Fig.
5(b). The overlap integral I(g, k) is unity when A resem-
bles g, and otherwise is smaller than unity [14].

It is important for design purpose to correlate the radia-
tion decay factor «, and the fractional power P' with the
device parameters. The required calculations can be made
by rigorous space-harmonics expansion based upon Flo-
quet’s theorem [15], coupled wave analysis [16}, and per-
turbation analyses [17]-[19].
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D. Wavefront Conversions

While the above discussions were with uniform grat-
ings, the principle of holography [20] indicates that var-
ious wavefront conversion functions are added by spa-
tially modulating the grating. Such conversion can be
incorporated with both guided-to-guided and guided-to-
radiation coupling. Suppose that ®; and &, are the phase
distribution functions of the input wavefront and the de-
sired output wavefront, respectively; then the difference
in the grating plane can he written as

Aq’(}’, Z) = - Cb]'[yv Z)+

The desired wavefront conversion is accomplished by
giving a phase modulation equal to A® to the input wave-
front. The grating (hologram) for such phase modulation
consists of grating lines described by

®,(y, 2) (19)

A®(y, 2) = 2mmw
2, -1,0, +1, +2, - -+ ).
(20)

(m=+--,—

The grating can be obtained by recording the interference
between the two wavefronts just as hologram recording.
However, it should be noted that, except for the conver-
sion between plane wavefronts, the use of a wavelength
different from that used in fabrication results in an aber-
ration since the phase functions are wavelength dependent
[(19) includes a 2w/ factor].

III. ELecTrRON-BEAM WRITING TECHNIQUES

A. EB Writing Technique Versus Holographic
Lithography

The well-established fabrication technique for inte-
grated optics gratings is holographic interference lithog-
raphy [21]. The technique has been widely used because
of the following advantages: 1) fabrication of small-pe-
riod gratings with simple apparatus, 2) good period con-
trollability and high period uniformity, and 3) easy fab-
rication of large-area gratings. However, the drawbacks
1) small flexibility in fabricating modulated gratings, 2)
setup rearrangements required for parameter changes, and
3) possible noise problem and difficult definition of grat-
ing area (caused by spurious diffraction and interference)
may limit the applications.

Another important technique discussed here is com-
puter-controlled electron-beam (EB) writing. Grating pat-
terns, generated by computation using mathematical for-
mulas, are written by focused EB scanning. Therefore,
the EB writing is inherently free from the drawbacks of
the interference method. The technique provides potential
advantages including 1) very high resolution, 2) large flex-
ibility in fabricating modulated gratings, 3) easy pa-
rameter changes, and 4) fabrication of low-noise gratings
with a well-defined frame at accurately assigned position
and orientation. The merit 2) is especially important in
fabricating gratings having a (complex) wavefront con-
version function such as grating lenses where the inter-
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Fig. 6. Block diagram of an electron-beam writing system designed for
optical component fabrication.

LENGTH

ference method results in difficulty, i.e., serious aberra-
tion problems caused by the wavelength difference
between light for the fabrication and the use. The merits
3) and 4) match the technque to the integration of various
grating components. Although the EB technique is rather
inferior in the period uniformity and fine control as com-
pared to the interference method and has limited writing
area, it is acceptable in many integrated optics applica-
tions. Thus, the EB technique has features almost com-
plementary to those of the interference technique, and
therefore can greatly extend the applications of periodic
structures. '

B. EB Writing System

Computer-controlled EB writing systems have been de-
veloped for the semiconductor IC industry and are com-
mercially available. Being of general purpose, they also
can be employed for integrated optics fabrication. How-
ever, for the fabrication of optical components, different
requirements exist; in many cases, it is required to write
smooth lines with curvature and/or inclination, and a con-
tinuous change in parameters may be involved. For this
reason, it is more convenient and effective to have a spe-
cial system. Such a system has been developed and is
being used in the authors’ laboratory. The system consists
of an ordinary scanning electron microscope (SEM) (Hi-
tachi-Akashi MSM-102) and a specially designed scan-
ning controller connected to a minicomputer (MELCOM
70/10). The design philosophy is that 1) analog signal
processing should be incorporated with digital control by
the computer to meet the above requirements, and 2)
hardware units for specialized scanning modes should be
built in the controller to relieve the software dependence
and have high-speed operation.

The block diagram of the system is shown in Fig. 6;
the system has the following functions.

*EB Blanking: The EB blanking signal is applied to the
condenser lens circuit instead of to independent elec-
trodes. This quasi blanking, being of slow speed, is used
only at the beginning and the end of a writing. The un-
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¥ Y b4

Fig. 7. Schematic illustrations of the scanning modes of the electron-beam
writing system shown in Fig. 6.

necessary EB exposure during a writing is avoided by
rapid jumps of EB position.

*Y Scan: The Y position of the EB is assigned by a 16
bit DAC. An active filter is inserted to tailor the time con-
stant for the scanning line smoothing. In writing gratings,
this ¥ direction is usually taken along the period direction;
uniform and arbitrarily chirped periodic patterns can be
written by taking advantage of full flexibility of the soft-
ware control.

*X-Scan A: The analog ramp generator assures writing
of exteremely smooth straight lines with constant length
and speed.

*X-Scan B: The digital ramp generator consisting of a
clock generator, presettable counter/comparator, and 16
bit DAC enables writing of line segments with variable
length and position; the starting and ending points can be
computer controlled. Inhibiting the clock results in the
ordinary digital X-Y address operation. The clock syn-
chronization to the Y-data strobe enables the curved-line
scanning with automatic X scanning.

*Variable Clock: The clock frequency can be changed
on any occasion by computer control to enable the vari-
able speed scanning for gradient-dose writing and/or line
width control.

*Slant: Analog adding of X and Y signals enables
slanted line scanning at constant inclination angle.

*Tilt: Analog multiplying of X and Y signals added to
the Y signal enables variable-tilt line scanning with the
inclination proportional to the Y coordinate.

*Analog Adjustments: Writing parameters such as rel-
ative width, length, slant, tilt, position, and speeds can
be adjusted by analog potentiometers in addition to the
software control.

Fig. 7 illustrates the typical EB writing modes. The
system has actually been used for fabrication of the de-
vices reviewed in the following sections; all the patterns
were written within 3-30 min., including the computation
time.

C. EB Writing Techniques

1) EB Lithography with Resist: In ordinary EB lithog-
raphy, patterns are written in an EB resist. As shown in
Fig. 8, periodic patterns can be written by (a) the paint-
ing-out method, (b) the line-drawing method, or (c) the
gradient-dose method; (a) and (b) are suitable for gratings
of large and small periods, respectively, and (c) enables
fabrication of gradient-thickness cross section, e.g.,
blazed gratings [22]. If the substrate (waveguide) is an
insulator, a very thin (~ 100 A) conductive (Au, Al, etc.)
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Fig. 8. Electron-beam scanning methods for writing gratings.
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Fig. 9. Dependence of the refractive index change of chalcogenide film
upon electron-beam dose [42].

layer must be deposited to avoid the charging-up problem
during the writing, and the coating must be removed be-
fore the development. The use of an Si0O,/Si waveguide
substrate eliminates the need for this process.

In some cases, the resist pattern itself can be used as a
grating. More generally, the pattern is transferred to
waveguide, cladding, or hard-mask layers by the liftoff
and/or etching techniques [21]. And after additional etch-
ing or diffusion process using the hard mask, if necessary,
the final structure is obtained.

2) Resistless EB Direct Writing: A unique technique
for grating component fabrication is to make use of EB-
induced refractive index change. Amorphous chalcogen-
ide thin films such as As-S and As-Se-5-Ge systems
suitable for waveguides exhibit large index changes by an
EB irradiation [23] as shown in Fig. 9. Therefore, optical
components in the form of refractive-index modulation
can be “‘written’’ directly in the film without any other
process, i.e., without mask, resist, development, and
etching [24]. Graded-index structures can also be written
since the index increment can be continuously controlied
by the EB dose. The resistiess EB “‘direct’” writing tech-
nique has been applied to fabricate grating components in
waveguides [25]-[27]. Grating fabrication in a polymer
(PMMA) waveguide by the same technique has also been
reported [28]. '
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Fig. 10. Near fields of a grating under various illumination conditions. (a)
Normal illumination, (b) oblique coherent illumination, (c) oblique in-
coherent illumination.
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Fig. 11. Results of the preliminary experiment on holographic contact
printing of a grating. (a) Near field pattern of master mask under the
illumination Fig. 10(a), (b) near field pattern of master mask under the
illumination Fig. 10(c}, (c) grating copied and observed by illumination
Fig. 10(c).

D. Optical Duplication

The major drawback of EB writing is the rather low
throughput. It is therefore important to have an econom-
ical means for duplication from the production point of
view. An optical means using photoresist would be pref-
erable because of the IC process compatibility. The con-
ventional photomask printing, however, cannot work ef-
fectively with the submicron patterns because of the
resolution limited by diffraction. But as far as periodic
patterns are concerned, positive use of the diffraction ef-
fect can be made; the technique developed for hologram
copying can be applied effectively. Fig. 10 illustrates the
holographic contact printing technique [29], [30] applied
to the grating photomask duplication. The ordinary nor-
mal illumination of submicron grating photomask results
in a blurred near field (a). The inclined coherent (laser)
illumination yields the first-order diffracted light, and the
transmitted and diffracted light interfere to form a high-
visibility fringe (b). Even with incoherent illumination,
the fringe is formed in the near field where the path dif-
ference is within the short coherence length (c¢). There-
fore, the grating pattern can be copied in a photoresist in
the near field. A master mask of the phase type can be
used as well as the absorption type. The diffraction theory
shows that the minimum grating period which can be cop-
ied with the illuminating wavelength A, is given by A,
= NJ2; this implies that most of the grating patterns for
integrated optics can possibly be duplicated by employing
the conventional apparatus having a mercury lamp only
with the modification in the light incident angle. It is also
impertant to note that all the phase modulations of the EB-
written master pattern are transferred, and therefore the
advantages described in Section lII-A are reserved in the
copy. The possibility of this technique has been con-
firmed by a preliminary experiment using a 0.4 um period
EB-written Cr master grating and a mercury lamp. Results
are shown in Fig. 11.
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Interference microphotograph of a transmission Bragg grating de-
flector [25].

@ ' (b)
Fig. 13. Guided beam deflection by reflection Bragg gratings [26].

IV. PassivE COMPONENTS
A. Bragg Gratings for Deflection and Splitting

Coplanar Bragg gratings are simple and important com-
ponents. Gratings of prescribed efficiency and selectivity
can be designed by determining the coupling length L and
coefficient « (index-modulation) using (9)-(13). Various
gratings were fabricated by the EB direct writing tech-
nique in As;S;/Si0,/Si waveguides.

1) Transmission Type: Fig. 12 shows an interference
microphotograph of a transmission grating deflector [25].
The deflector function, and the power splitting function
with about 50 percent efliciency, were experimentally
confirmed. The transmission Bragg gratings are suitable
for modulating the structure to add various wavefront
conversion functions as will be seen in Section IV-B3)
and Section VI-E, although it is not easy to obtain a very
high efficiency.

2) Reflection Type: It is noted from (10) and (13) that
the efficiency % aproaches asymptotically to 100 percent
with increasing L for reflection gratings, while n takes
100 percent only at discrete values of «L (v = #/2, 37/2,
- - +) for transmission gratings. Thus, the realization of a
high efficiency is easier with reflection gratings if the de-
viation of xL from the designed value is taken into ac-
count. Reflection-type grating deflectors of 0.5 and 0.34
pm periods were fabricated [26]. Wide angle deflections
with almost 100 percent efficiencies were obtained as
shown in Fig. 13. The typical angular bandwidth was
0.3°. .The coupling coefficient of coplanar diffraction is
approximately proportional to cos @, for the TE mode and
independent of 8, for the TM mode, where 8, = 6, — 6,
is the deflection angle; this implies that a grating of near-
right-angle deflection serves as a TE-TM mode splitter.
The polarization splitter function was also experimentally
confirmed [26].
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Fig. 14. Chirped Bragg grating for wide-band deflection [26].

3) Chirped Gratings: There are many applications
where the angular and wavelength selectivities of Bragg
gratings should be reduced to have a larger acceptance
angle and/or a broad spectral bandwidth. Such wide-band
characteristics can be realized in a chirped grating as
shown in Fig. 14. An incident wave is diffracted within a
portion of the grating where the beam angle and the wave-
length satisfy the Bragg condition with the local grating
constant. Linearly-chirped gratings of 0.5 um center pe-
riod, 0.05-0.2 chirp rate, and 500-1000 line number were
fabricated [26]. Characteristics of angular acceptance of
3.5°,2°, and a wavelength bandwidth of 1000 A, which
are in good agreement with the theoretical prediction,
were obtained with efficiency of 50-95 percent.

B. Waveguide Lenses

1) Requirements and Problems of Waveguide Lenses:
Waveguide lenses are an extremely important component
for integrated optics since they perform various functions
of imaging, collimating, focusing, and Fourier trans-
forming on a guided wave. For many applications, the
waveguide lenses must exhibit excellent performances
such as diffraction-limited and aberration-free focusing
characteristics, high efficiency, and large angle of view.
The requirements are stringent, especially in constructing
optical IC’s for signal processing, such as RF spectrum
analyzers. Because of the important functions and the dif-
ficulty in satisfying the requirements, waveguide lenses
have been considered to be a key component for inte-
grated optics [31], [32].

Mode-index lenses corresponding to singlets, fabri-
cated in earlier work, exhibited large aberrations. Good
performances have been achieved in Luneburg lenses and
geodesic lenses. But these waveguide lenses involve dif-
ficulty of fabrication; Luneburg lenses require a high-pre-
cision gradient-thickness deposition process and geodesic
lenses require an expensive and time-consuming precision
mechanical grinding process. In addition, Luneburg lenses
have limited focusing capabilities in high index wave-
guides where appropriate higher index cladding materials
are difficult to find. Another problem of waveguide lenses
arises from the necessary integration in a waveguide with
other components. The possible deviation in focal length
from the designed value, which is tolerated in conven-
tional and microoptics, is fatal in integrated optics be-
cause the positions of all of the components are rigidly
fixed.

There has been much interest in diffraction-type wave-
guide lenses, i.e., grating lenses and Fresnel lenses, since
they eliminate many of the above-described problems. The
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Fig. 15. Reflection-type chirped grating lens butt coupled to a waveguide.

major advantage of diffraction lenses is that they can be
fabricated by the planar microfabrication technique. The
designing is simple because of the inherent aberration-free
characteristics. The focusing characteristics (focal length)
are determined by the planar lens pattern (in particular,
the periodicity) and are insensitive to fabrication process
variations; the focal length control is easy and highly re-
producible.

2} Reflection Chirped Grating Lenses Butt Coupled to
Waveguides: The easiest introduction of diffraction grat-
ing to integrated optics is to use a conventional reflection-
type grating and butt couple it to a polished waveguide
edge. When the period of the grating is chirped, the input
guided wave undergoes a wavefront conversion through
the diffraction. Thus, it is possible to design and fabricate
a grating which serves as a lens for guided waves [33].
Fig. 15 shows schematically a reflection chirped grating
lens butt coupled to a waveguide, which is not exactly a
waveguide lens but is equivalent in function. The lens,
being of reflection type, should have an off-axis configu-
ration for the spatial separation of the optical axes of the
input and output waves. The periodic structure is de-
signed by calculating the phase difference between the in-
put and output wavefronts. For a lens which focuses a
parallel wave of incident angle # into a point on axis nor-
mal to the grating plane as shown in Fig. 15, for example,
the phase difference can be written as

AD(x) = [kn(f — VX' + )] — [(kn, sin O)x] (21)
where f is the focal length and n, is the mode index, and
therefore from (20), the mth grating line boundaries are
specified by A®(x,) = 2mm.

The efficiency of the lens can be calculated by the the-
ory of thin gratings. For a (chirped) lamelar grating hav-
ing rectangular cross section, the efficiency is given by

n = (4R/7?) sin® [(x/2)(4ndIN)) (22)

where d, R, n, are the groove depth, surface reflectivity,
and the refractive index of the medium filling the groove
(optical bond), respectively, and 5 takes the maximum of
40.5 percent whend = N4n, and R = 1. The grating lens
of this type has a very large acceptance angle and can
casily be fabricated. Lenses of F/3-5, exhibiting perfor-
mance comparable to the theoretical prediction, have been
fabircated on Si substrates by EB writing, reactive ion
etching of Si-N overlay, and depositing Al reflection
coating. To have a higher efficiency, the grating must be
blazed to be an echellette grating having triangular cross
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. Fig. 16. Waveguide chirped Bragg grating lens.

section. To do this, the ion-beam etching technigue or the
gradient-dose technique (Section III-C) can be employed;
using the latter, efficiencies up to 70 percent have been
obtained for gratings of comparatively large (=2 um) pe-
riod [34].

3) Chirped Bragg Grating Lenses: Fig. 16 shows a
chirped Bragg grating lens configuration. A lens having a
focal length fshould impose the phase modulation to con-
vert a 2-D plane wave into a converging 2-D cylindrical
wave:

AD(X) = kn(f — NxX* + ) = — (kn2f)x>.

Chirped grating lenses give the corresponding modulation
An(x) = An cos [A®(x)]

An cos [kn,(f — V& + )]

to the mode index on the lens aperture. To have a high

efficiency, the grating must be of the “‘thick™ Bragg type

satisfying @ = 10 with the Q parameter defined by (3),
and the grating lines should be gradiently slanted as

(23)

(24)

Y = @ an”' (lf) = x2f (25)

so that the Bragg condition is satisfied over the whole ap-
erture. The diffraction-limited 3 dB spot width of the main
lobe on the focal line is given by

20 = 2(finkxy) - 1.38 = 0.88F\/n, (26)

where 2x,, is the aperture and F' = fi/2x;, is the F number.
The condition for maximizing the efficiency can be writ-
ten from (10) as

kL = wAnL/N = 7/2. 27)

The index modulation can be of the step type as shown in
Fig. 16, instead of the sinusoidal type given by (24); then
the amplitude of the fundamental Fourier component in
(1) should be used for An in (27).

The in-line configuration shown in Fig. 16 has the
drawback that Q@ = 10 cannot be satisfied in the central
portion, although it is advantageous to have a small F
number. The lens portion satisfying 0 = 10 only can be
fabricated to have an off-axis lens. There have been many
experimental works on chirped Bragg grating lenses of in-

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL.

QE-22, NO. 6, JUNE 1986

"u-uzsj WAVEGUIDE LAYER
OPTICAL BUFFER LAYER
51 SUBSTRATE

(@) (b)

Fig. 17. Waveguide Fresnel lenses. (a) Gradient-index (GRIN) Fresnel
lens, (b) gradient-thickness (GRTH) Fresnel lens [42].

line and off-axis types. Lenses of 1-3 mm aperture and
F/3-10 have been fabricated in glass waveguides by etch-
ing and cladding [35], [36] in As,S3/Si0,/Si waveguides

. by the EB direct writing technique (see Fig. 18, the *Tilt

function used) [37] and in LiNbO; waveguides by etch-
ing, cladding, and proton-exchange techniques [38]-[40].
Nearly diffraction-limited focusing and efficiencies of 50—
90 percent have been obtained.

4) Fresnel Waveguide Lenses: Fig. 17 shows the
waveguide Fresnel lens configurations. Fresnel lenses
give a phase modulation equivalent to (23):

bp(x) = Ad(x) + 2mw,
for x,, <|x| < x, . 1, A®(x,) = — 2mm,
(28)

which is obtained by segmenting the modulation A®(x)
into zones so that ¢ may have amplitude of 2. In (28),
X,, denotes the zone edge. Under the assumption of ‘‘thin’’
lens, the phase shift is given by k An L. Therefore, Fres-
nel lenses can be constructed by modulating An or L; the
gradient-index (GRIN) Fresnel lens [Fig. 17 (a)] is de-
scribed by

Ar(x) = A [®r(0)27 + 11, (29)

and the gradient-thickness (GRTH) Fresnel lens [Fig. 17
(b)] is described by

L{X} = Lmzlx[q)F(x}’QTr + 1],

To have the modulo 27 phase modulation, in either case,
the modulation amplitude must be optimized so that
kAng. L = 2w or kAnL,,, = 2« is satisfied. The binary
approximation of the phase modulation results in the step-
index (SI) Fresnel zone lens.

Theoretical analysis of a *‘thin’> SI Fresnel zone lens
[41] and GRIN and GRTH Fresnel waveguide lenses [42]
have been made based upon the scaler diffraction theory.

L = const.

An = const. (30)

The diffraction-limited focus spot width is given by (26).

Fig. 18 shows the calculated intensity profile on the focal
line. The parameter [ denotes the ratio of the modulation
amplitude to the above-given optimum value. The spot
width is approximately independent of [, i.e., the diffrac-
tion-limited width is obtainable even in lenses of [ # 1
and the SI lens. Fig. 19 shows the calculated dependence
of the lens efficiency, defined as the ratio of the power in
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Fig. 18. Light intensity profiles on the focal line of Fresnel lenses [42].
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Fig. 19. Dependence of efficiency of Fresnel lenses upon the phase mod-
ulation amplitude [42].

(c)

Fig. 20. Interference microphotographs of diffraction waveguide lenses.
(a) GRIN Fresnel lens, (b) GRTH Fresnel lenses, (¢) chirped Bragg grat-

ing lens.

the focus main lobe to the total input power, on the pa-
rameter /. The maximum efficiency of 90.2 percent, lim-
ited only by diffraction, can be obtained in GRIN and
GRTH lenses, while the maximum efficiency for an SI
Fresnel zone lens is 35 percent.

By using (3) and (28)-(30), the maximum of the Q pa-
rameter for the optimum modulation amplitude can be
written as

Oumax = (x/12)(An/n,)”'F~* (31

and the condition for the ““thin’’ lens Q. < 1 is given
by

Anln, > (1/2)F 2. (32)

This shows that, e.g., at least 6.3 percent mode index
change is required for a lens of F/5. It is important to note
that a lens which does not satisfy (32) is not “‘thin’" and
suffers from a reduction of efficiency.

The feasibility of diffraction-type waveguide lenses by
lithography was first proposed and demonstrated with SI
Fresnel zone lenses (F/2.5, 5, efficiency of 23 percent) in
a BaO waveguide on glass substrate with CeO overlay
cladding which was patterned by photolithography using

an EB written photomask [41]. The same kind of lens
(f = 10.2 mm, F/8.5, efficiency 19 percent) has been
fabricated by patterned cladding of SiO, in an Si;N4/Si0,/
Si waveguide, which is more suitable for integration [43].

High-efficiency GRIN and GRTH Fresnel lenses have
been demonstrated using As,S,/510,/Si waveguides [37],
[42]. By the EB direct writing technique, GRIN and
GRTH lenses of | mm aperture, F/3, and F/5 were fab-
ricated. The electron beam was scanned along the optical-
axis direction with small scanning line displacements (0.1
pm) so that the beam traces may overlap. For a GRIN
lens, the scanning speed or the number of scanning rep-
etitions on a line was varied to give the gradient dose dis-
tribution, and for GRTH lens, the scanning width was
varied using the *X-Scan B function to write the GRTH
pattern. Fig. 20 shows the interference microphotographs
of the fabricated lenses. The nearly diffraction-limited fo-
cusing characteristics (3 dB width of 3.5 um for F/5, A =
1.06 pm, and 3.7 pm for F/5, A = 0.83 um) and the
efficiency up to 61 percent have been obtained.

The GRTH Fresnel lenses were fabricated also in an
SigN,/8i0,/Si waveguide with SiO, overlay cladding pat-
terned by standard photolithography [44]. In the struc-
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Fig. 21. Fabrication process of proton-exchanged Fresnel lenses in
Ti:LiNbO; waveguides.

ture, the mode index change up to approximately 0.032
was available, and nearly diffraction-limited focusing
characteristics and efficiencies of 60-70 percent were re-
ported with lenses of F numbers around 6.

Realization of high-performance waveguide lenses in
LiNbO; has been strongly desired since the LiNbQ; is
considered to be one of the most suitable waveguide ma-
terial for optical IC’s. Fabrication of Fresnel lenses, how-
ever, has not been reported until recently because of the
difficulty in obtaining the required large index change.
Most recently, the proton-exchange technique [45], which
gives an index change as large as 0.11, was applied fo
fabricate a GRTH Fresnel lens in a Ti-indiffused
LiNbO; waveguide [46]. The fabrication process is shown
in Fig. 21. The waveguide was coated with a thin Si-N
mask layer and the lens pattern written by EB was trans-
ferred to the mask layer by reactive ion etching. The
waveguide was then immersed in moleten benzoic acid
for the patterned proton exchanging. The nearly diffrac-
tion-limited focusing properties and efficiencies as high as
70 percent have been obtained in the lenses of F/35.

C. Grating Couplers

1) Input/Output Couplers: Grating couplers have been
widely used to excite and take out a guided wave [1]-[5].
The earlier works on EB written gratings aimed at fabri-
cation of grating couplers [47], [48]. To have a high ef-
ficiency, the fractional power P in (16) should be maxi-
mized for a required g-i radiation. In the two-beam coupler
with a transparent substrate [Fig. 4 (b)], however, the
output is divided into approximately halves for air and
substrate. Methods to eliminate unnecessary radiation and
maximize P; for the necessary output beam include the
use of the backward substrate radiation [49] and the use
of blazed gratings [50]. The use of a reflective substrate
can be another method to improve the situation. Fig. 22

shows the dependences of the fractional air power and the
radiation decay factor on the device parameters, calcu-
lated for a grating coupler on a glass/SiO,/Si waveguide.
The fractional power is a periodical function of the buffer
layer thickness f,; the air power can be enhanced by
choosing 1, to add constructively the reflected substrate
radiation to the air radiation. It is seen from (16) and Fig.
22 that approximately 60 percent efficiency can be ob-
tained for «,L = 1. Based upon this design, grating cou-
plers have becn fabricated by EB writing {51}, [52]. The
pattern was transferred to a thin Si-N cladding layer on
the waveguide to form the grating. Output efficiencies
around S0 percent were obtained with 1 X 1 mm® area
gratings.

2) Focusing Grating Couplers: The possibility of add-
ing a complex wavefront conversion to a grating coupler
was first demonstrated in waveguide holograms [53],
which aimed at an approach to hologram integration. A
pictorial image was recorded by interference and recon-
structed by a guided wave. A special example of wave-
guide holograms is a focusing grating coupler (FGC)
shown in Fig. 23, where the object is a point image. The
FGC incorporates the coupling and the focusing, and
therefore has many applications, e.g., guide to LD or fi-
ber couplers and ones presented in the following sections.

Focusing grating couplers were fabricated by the hol-
ographic technique [54]. But they exhibited large aberra-
tions, except for ones with a small aperture, due to the
difference in wavelength between the fabrication and cou-
pling lights. The EB writing is required to fabricate ab-
erration-free FGC’s. A low-periodicity FGC with the fo-
cusing beam in the substrate was fabricated by EB writing
in a polymer waveguide [55].

High-periodicity FGC’s with the focusing beam in air
as shown in Fig. 23 were fabricated by EB writing in
glass/Si0,/Si waveguide [51], [52]. The pattern is spec-
ified from (20} by

A®B(x, ¥) = kn,y + kv + (v — fsin 0)° + (fcos 6)°
(33)

= 2mm + const.

where # is the output beam angle. An important require-
ment of FGC’s is that the radiation decay factor should
satisfy the condition «,L = 1 to realize a high efficiency
and the minimum focus spot width simultaneously; too
large a decay factor results in the reduction of the effec-
tive aperture and therefore in the broadening of the spot
size. The FGC’s were designed by using Fig. 22 and (16)
and fabricated by the curved-line scanning of EB using
the *X-Scan B function. Fig. 24 shows the focus spot and
the intensity distribution. Efficiency of approximately 40
percent and a focus spot width of 1.4 um (diffraction-lim-
ited value 1.1 um) have been obtained with FGC’s of f =
2mmand I X 1 mm? area.

D. Channel Waveguide Array

Coplanar periodic arrays of channel waveguides are an
important component for integrated optics. An array with
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Fig. 24. Focus spot and the intensity profile of a focusing grating coupler.

interchannel distributed coupling which takes place be-
tween adjacent channels with modal field ovelap, i.e., a
multichannel directional coupler, has been reported with
the power branching/distributing function [56]. Arrays
without interchannel coupling also have many applica-
tions, e.g., spatial sampling, transmission, imaging of
one-dimensional spatial light signals, and as an interface
element in multichannel parallel signal processing de-
vices. The spatial magnifier (expander) function can also
be incorporated when the channels are gradiently tilted
towards each other to be a fan-out configuration. Ridge
channel guides are advantageous for obtaining small cross-
talk between channels with small spacing. A polymer fan-
out array on Si substrate with an integrated photodetector
array has been fabricated [57]. Fig. 25 shows a fan-out
channel guide array [58], where a high-index Si-N ridge
guide on an SiO,/Si substrate is adopted to have a large

e grating groove depth.

numerical aperture needed for efficient butt coupling. The
pattern was written by an electron beam with the *7ilt
function, and then transferred to the guide layer by reac-
tive ion etching to form the ridge channels. In the fabri-
cated 200-channel array with 3 X magnification, a cros-
stalk level for two adjacent guides of less than —20 dB
has been obtained.

V. ELEMENTS FOR GUIDED-WAVE MODULATIONS AND
DETECTION

Many integrated optics devices require elements for
guided-wave modulation and detection. Periodic struc-
tures also play an important role in such elements. Spa-
tially periodic modulations in the refractive index induced
in a waveguide through acoustooptic or electrooptic ef-
fects are electrically controllable and enable the temporal
and spatial modulation of guided waves. Such waveguide
modulator elements of the coplanar configuration will be
discussed here, although the collinear and radiation con-
figurations also have many applications.

A. Acoustooptic Bragg Cells

An acoustooptic {AQO) Bragg cell [59], [60] is con-
structed with a surface acoustic wave (SAW) transducer
and an AQ interaction region on a planar waveguide as
shown in Fig. 26. The unique and important features of
the AO gratings induced by SAW are that 1) the grating
period can be continuously changed by the frequency of
the input RF signal, and 2) the serial input signal is con-
verted into a spatial parallel signal through the SAW prop-
agation effect. This assures a variety of applications in
waveguide optical signal processing, e.g., modulators/
switches, variable angle deflectors (guided beam steer-
ing), tunable optical filters, and spatial light modulators
[60]. It is also important to note that an AQ grating, not
being fixed but traveling, causes a Doppler shift on the
diffracted wave, and therefore a Bragg cell serves as an
optical frequency shifter.

Recent research activities on waveguide AO Bragg cells
are directed towards achieving wide-band operation to-
gether with high efficiency and low drive power [60]. The
piezoelectric LiNbO; crystal is considered to be the best
waveguide material for this purpose because of the excel-
lent SAW propagation and AO characteristics in the high-
frequency range, whereas other thin-film waveguides can
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Fig. 25. A fan-out channel waveguide array.
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Fig. 26. Fundamental configuration of a waveguide acoustooptic Bragg

cell.

preferably be used with thin-film SAW transducers for
monolithic integration on an Si substrate [61], [62].
Since the Bragg condition (4) can be rewritten as

2kn, sin 8 = K, k =2m/N, K = 27/A,  (34)

for the first-order diffraction without mode conversion, the
deftection angle 265 is given by

20, = 2 sin”' (M2n,A) = Av/nv

with the frequency », the period A, and the phase velocity
v of the SAW, and is approximately proportional to the
SAW frequency.

The diffraction efficiency { of a Bragg cell can be writ-
ten, by using (5), (6), (8), and (9) for¢p = w/2, g = 1,
B:; = By = 2xn N\, 0,5 = —0,5 = 6, and making a cal-
culation of the coupling coefficient « [60], as

¢ = [sin® (g% + £ + £/¢7]
> = (TANY(RT?LY cos® 6y) (37)
£ = KAOL/2, A6 =6 — 6, (38)

where L denotes the width of the acoustic wave, & is the
incident angle of the guided wave, and Af is the deviation
of 6 from the Bragg angle. The parameter I'’, being the
overlap integral of the guided wave and SAW field pro-
files, is proportional to the SAW power and therefore to
the input driving RF power [60].

The frequency bandwidth, i.e., the angular range of the
beam steering, of Bragg cell is determined by the band-
widths of the SAW excitation and the AO interaction.
Consider first a Bragg cell having a standard uniform-pe-
riod interdigital SAW transducer (IDT), as shown in Fig.
26. To maximize the excitation bandwidth of such an IDT

(33

(36)

@) o= |
%ﬁ‘ e
(b) (© ' (d)

Fig. 27, Interdigital SAW transducers for wide-band waveguide Bragg
cells. (a) Multiple tilted array transducers, (b} curved finger transducer,
(¢) phased array transducers, (d) tilted-finger chirped transducer.
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Fig. 28. Frequency response of a waveguide Bragg cell using multiple
tilted array transducers.

under the electric impedance matching condition, the IDT
finger pair number N should be chosen to equalize the
SAW synchronization bandwidth (proportional to N™')
and the electrical bandwidth (proportional to N) [63].
When N is optimized by this method (N = N,,,), the SAW
excitation bandwidth is given by

280, /v = 1Ny (39)

The AO interaction bandwidth, on the other hand, is de-
rived from (34)-(38) to be '

28mfv = (10R A2TN)(A/L). (40)

The IDT aperture ratio L/A should be a constant value
optimized for the electric impedance matching, and then
2Av,/v is inversely proportional to »(=v/A). Therefore,
the relative bandwidth of a Bragg cell is limited by the
excitation bandwidth (2A»,/») in the low-frequency range
and by the interaction bandwidth (2A»,/») in the high-fre-
quency range. ' -

To realize a wider bandwidth beyond the above limi-
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Fig. 29. Microphotograph of tilted-finger chirped transducers fabricated
by electron-beam writing.

tations, modified IDT’s for Bragg cells as shown in Fig.
27 have been proposed and demonstrated [60]. The mul-
tiple tilted array IDT shown in Fig. 27 (a) is an array of
standdrd IDT’s, having staggered center frequencies, and
tilted towards each other for satisfying the Bragg condi-
tions at each center frequency. Parallel driving using an
RF power divider enables wide-band operation, depend-
ing on the number of array stages. Fig. 28 shows typical
characteristics of a Bragg cell using this type of IDT fab-
ricated by standard photolithography on a Ti : LiNbO;
waveguide. The IDT has advantages of easy design and
high diffraction efficiency, although the number of stages
required for the wide-band operation increases rapidly in
the high-frequency range where the relative interaction
bandwidth becomes narrower.

The tilted-finger chirped IDT shown in Fig. 27 (d)
broadens the excitation bandwidth by the chirp in elec-
trode period and realizes the interaction bandwidth equal
to the excitation bandwidth by the frequency-controlled
SAW beam steering to maintain the Bragg condition over
the bandwidth. The electrode fingers should be gradiently
tilted for the SAW beam steering and have the dog-leg
structure for the impedance optimization. This IDT has
an advantage that a bandwidth as wide as one octave per
one stage can be obtained, even in the high-frequency
range. The fabrication of IDT’s for the gigahertz fre-
quency range where the finger width falls in the submi-
cron région requires EB direct writing, Fig. 29 shows a
microphotograph of a tilted-finger chirped IDT fabricated
by EB writing and liftoff techniques. The pattern was
written by tilted line scanning of the electron beam by the
*X-Scan B and *Tilt functions of the system shown in Fig.
6. Fig. 30 shows the characteristics of a Bragg cell in a
Ti:LiNbO; waveguide used in an RF spectrum analyzer
desctibed in Section VI-C; 1 GHz bandwidth has been
achieved with a two-channel array of this type of IDT
[64].
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Fig. 30. Frequency response of a waveguide Bragg cell using the trans-
ducers shown in Fig. 29.

B. Electrooptic Grating Modulators

Periodic modulation in refractive index for coplanar
Bragg diffraction also can be induced through the elec-
trooptic (EQ) effect by electric voltage applied to inter-
digital electrodes covering the interaction region. Wave-
guide modulators/switches based on such an EO grating
were fabricated [65]. The EQO grating elements are not
capable of beam steering, i.e., the deflection angle is
fixed, but they have the potential advantages of easy fab-
rication, high efficiency, and high-speed operation. The
interdigital electrodes can be divided into segments hav-
ing a small number of finger pairs to spatially modulate a
guided wavefront. The resultant integrated optic spatial
light modulators (IOSLM) have been fabricated and the
many appications in signal processing have been demon-
strated [66]. An EO controllable chirped grating lens has
also been proposed and fabricated [67].

C. Integ rared‘thoderecmrs

In many integrated optics devices for optical ¢commu-
nications and signal processing, the final output is re-
quired in the form of electric signals. Thus, photodetec-
tors or photodetector arrays are essential components for
such devices. The conventional detector devices can be
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Fig. 21. Cross sections of integrated photodetectors, (a) Taper-coupled
p-n photodiode. (b) taper-coupled Schottky barrier photodiode, (¢) LO-
COS-taper structure, (d) grating coupling structure.

used by hybrid coupling, but monolithic integration in-
cluding detectors is desired to derive the advantages of
integrated optics. Such integration is possible if Si0,/Si
is used as a substrate. The SiO, layer is thermally grown
on Si for the optical buffer layer. The necessary mono-
lithic waveguide to detector coupling has been of research
interest [68], [69], whereas the fabrication of the detector
element is an established semiconductor technology. Fig.
31 shows various cross-sectional configurations of inte-
grated photodiodes. In the diode region, the light radiates
by optical tunneling through the very thin SiO, layer into
Si. The radiation decay length can be estimated by the
theory of prism coupler [70]; the decay length can be de-
signed to be roughly 0.1 mm for glass guides on Si0,/Si.
To lift the modal field adiabatically down to near the SiO,/
Si interface, the thickness of the buffer layer is tapered
with a slope of around 3. Such a taper in SiO, can be
fabricated by chemical etching, associated with doping,
ion implantation, or Si-N overlay deposition. These pro-
cesses insert a very thin high-etch-rate layer between the
Si0, and the resist mask, enhance the undercut, and result
in taper etching. The local oxidization (LOCOS) tech-
nique with a patterned Si;N, mask was used to fabricate
the structure shown in Fig. 31 (c), and guide-to-diode
coupling efficiencies higher than 90 percent were obtained
with a 0.15 mm diode length. Fig. 31 (d) illustrates an-
other possible coupling configuration using a grating. The
guided wave is diffracted into SiO, as the first-order sub-
strate radiation and then absorbed in Si. This configura-
tion eliminates the need for the tapered transition region,
and therefore can possibly be fabricated simultaneously
with other grating components.

V1. INTEGRATED QOpTiCc DEVICES
A. Guided-Beam Multidividers

The simplest integration of grating components is to
combine several microgratings of the same type but with
different specifications. Then the EB writing technique is
advantageous because of the flexibility in the changing
parameters, the easy framing of each element, and the
possible precise registration of them. Fig. 32 shows an

(b}
Fig. 32. An integrated grating circuit for guided-beam multiple division
[71].
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Fig. 33. Wavelength demultiplexer constructions using Bragg gratings.

integrated grating circuit (IGC) for guided-beam multiple
division fabricated by EB direct writing in an As,S; wave-
guide [71]. The IGC is composed of four coplanar Bragg
gratings of reflection type; a chirped grating (I) having a
wide acceptance angle is used at the first stage, and three
uniform-period gratings (II-IV) divide the incident beam
into three beams with prescribed ratios. The incident beam
was deflected efficiently by the first chirped gratings and
then divided into four output beams by the cascaded grat-
ings.

B. Wavelength Multi- and Demultiplexers

The wavelength division multiplexing (WDM) is con-
sidered to be a promising technique to enbance the trans-
mission capacity of an optical fiber communication sys-
tem. In a WDM transmission system, wavelength multi-
plexers and demultiplexers are required to combine and
separate wavelengths carrying different information. In-
tegrated optic approaches have been made to construct
compact multi/demultiplexers in a stable rugged structure
with simplified assembling [72].

1) Single-Mode Waveguide Type: Wavelength multi/
demultiplexing in a single-mode waveguide can be real-
ized through the coplanar diffraction of guided waves by
Bragg gratings fabricated in the waveguide. This type of
grating diffracts the guided wave which satisfies the Bragg
condition among the grating period, wavelength, and the
incident angle of the guided wave. The separation of the
optical axis is thus realized by the wavelength selectivity
of the deflection. The demultiplexing of many wave-
lengths is realized by (a) a cascade array of microgratings
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Fig. 34, Monolithic integrated WDM receiver terminals. (a) Transmis-
sion-grating type, {b) reflection-grating type [75].

with different periods or orientations or (b) a single
chirped grating, as shown in Fig. 33. Experimental works
have been made with a deflection-type grating filter for
use in device (a); filtering characteristics of 0.6 A band-
width have been obtained with a grating fabricated by ho-
lographic lithography in a resist layer on a glass wave-
guide [73]. An experiment of demultiplexing five wave-
lengths with 50 A separation has been reported with a
chirped grating fabricated by etching in a glass waveguide
[74].

In many applications of the demultiplexer, the demul-
tiplexed components should be converted into electrical
signals; the integration of the demultiplexer with photo-
detectors in one chip is desired. Such a monolithic inte-
grated WDM receiver terminal is an example of an optical
IC because it includes different kinds of components. De-
vices using a Si substrate have been proposed and fabri-
cated. Fig. 34 shows devices constructed by the integra-
tion of a micrograting array demultiplexer fabricated by
the EB direct writing in an As,S,/Si0,/Si waveguide and
a Schottky barrier photodiode array fabricated on the Si
substrate [75]. For efficient coupling between waveguide
and photodiode, the SiO, buffer layer was etched to form
the tapered coupling region as shown in Fig. 31 (b). In
the fabricated prototype device for two wavelengths, the
demultiplexing operation has been confirmed with a cross-
talk less than —15 dB. The diffraction efficiencies of 45-
75 percent and 90 percent have been obtained with the
transmission-type gratings and reflection-type gratings,
respectively.

A full-integrated WDM receiver terminal, wherein a
chirped grating for demultiplexing., waveguide lenses for
guided wave collimating and focusing, and a detecter ar-
ray with processing ¢lectronics are included, has also been
proposed [69]. The prototype device with a chirped grat-
ing has been fabricated by holographic lithography.

The design theory and the fabrication techniques of each
component for the above-described single-mode mono-
lithic WDM receiver have been almost established. How-
ever, further works, including the solution of the efficient
fiber to waveguide coupling, are required before accom-
plishing the full-integrated devices and evaluating the ul-
timate overall performances.

2) Multimode Waveguide Type: Multi/demultiplexers
for multimode fiber transmission systems should be con-
structed with a multimode waveguide to obtain efficient
coupling to the fiber. The use of Bragg gratings in such a

multimode waveguide is not effective since the Bragg
condition cannot be satisfied simultaneously with all the
modes due to the mode dispersion. The effective device
construction for the grating demultiplexer is to make a
two-dimensional version of an ordinary grating mono-
chrometer by using a planar waveguide. Various config-
urations to realize the necessary lens function have been
proposed and demonstrated.

The first device of a Roland configuration was fabri-
cated by bonding a flexible grating sheet on a curve-pol-
ished edge of an ion-exchanged planar waveguide [76]. A
blazed (echelette) grating is required to improve the dif-
fraction efficiency. Such a device was fabricated by com-
bining a sandwich-bonded glass waveguide and an aber-
ration-corrected concave grating prepared by using a
ruling engine. Demultiplexing of ten channels with 300
A separation and insertion loss less than 2.8 dB has been
obtained [77]. A similar device of five channels with 1.8
dB insertion loss has also been fabricated by using an
echelette grating produced by the anisotropic etching of
Si [78]. The wavelength resolution can be improved by
using the exact Roland circle configuration; a device of
100 A channel separation has been realized [79]. These
devices, however, have the drawback that they require
time-consuming curved edge polishing.

The need for the focusing element (curved edge or lens)
can be eliminated by using a chirped grating. Fig. 35
shows a demultiplexer constructed with an ion-exchanged
waveguide and a reflection-type chirped grating [80]. The
input light diverging into the slab guide after transmission
through the input channel is diffracted by the chirped grat-
ing and focused at the slab/output-channel interfaces. The
diffraction angle and the focal length depend upon the
wavelength; the demultiplexing function is realized by
patterning the waveguide so that the slab/channel inter-
faces of each output channel may coincide with the focal
points for the corresponding channel wavelength. A de-
multiplexer having five output channels with a wave-
length separation of 300 A in the 1 pm band was fabri-
cated. The measured demultiplexing characteristics are
shown in Fig. 35 (b). The crosstalk between adjacent
channels was less than —21.5 dB and the total insertion
loss was measured as 9.5 dB. The rather large insertion
loss is due to the low efficiency of the lamelar grating; an
improvement should be made by blazing.

A demultiplexer of the Litrrow configuration can be
constructed using a waveguide lens [81]. Among various
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Fig. 35. An integrated optic wavelength demultiplexer using a chirped
grating and an ion-exchanged waveguide. (a) Device configuration, (b)
demultiplexing characteristic [80].

waveguide lenses, only a geodesic lens can perform well
in a multimode waveguide since it exhibits no chromatic
and mode aberrations. Such a multimode geodesic lens
can be fabricated in glass (ion-exchanged) waveguides by
thermal pressing techniques [82], [83], and ordinary
echelette grating can be butt coupled to construct a de-
multiplexer. A six-channel (350 A separation) demulti-
plexer with approximately 4 dB insertion loss has been
reported [81].

The last two devices require no curved edge polishing,
and therefore they are suitable for economical mass pro-
duction,

In contrast to the single-mode type, the techniques of
the multimode-type devices almost have been established,
although some improvements are still required in the in-
sertion losses and the fabrication processes. They possi-
bly will be brought to practical applications in the near
future.

C. Integrated Optic RF Spectrum Analyzers

A real-time spectrum analysis of wide-band RF signals
is required in radar signal processing, signal processing
for radio astronomy, and future laser optical measurement
systems, etc. An integrated optic RF spectrum analyzer
(IOSA) is constructed by integrating an acoustooptic
Bragg cell and a pair of waveguide lenses for guided-beam
collimating and Fourier transforming [60]. A LD light
source and a photodetector array should be coupled to the
waveguide input and output ends, respectively. In the
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Fig. 36. An iniegrated optic RF spectrum analyzer using geodesic lenses.

Bragg cell, the guided wave is deflected at an angle pro-
portional to the frequency of the RF signal fed into the
SAW transducer, and the diffraction efficiency is approx-
imately proportional to the input RF power. Therefore,
after the Fourier transformation of the guided wave by the
waveguide lens, the power frequency spectrum of the in-
put RF signal is obtained on the photodetector array in the
form of the light intensity distribution.

1) Wide-band I0SA’s Using a LINbO; Waveguide: A
LiNbO; crystal is considered to be the most promising
waveguide material for a wide-band IOSA since it ex-
hibits excellent SAW propagation and acoustooptic char-
acteristics at high frequency. The theoretical considera-
tions show that an IOSA of 1 GHz bandwidth, 1 MHz
resolution, and 1 us response time is feasible [60], [84].
The key component for constructing the IOSA is the
waveguide lens. Various types of IOSA using geodesic
lenses, Luneburg lenses, and diffraction lenses have been
proposed, fabricated, and tested.

Fig. 36 shows an [OSA using geodesic lenses. Many
research groups have been involved in the fabrication of
this type of ISOA, and the fully integrated devices (with
the LD and the photodetectors) have been demonstrated
[84], [85]. The geodesic lenses are fabricated by the com-
puter numerical control diamond turning method. The
typical performances reported so far are 200-500 MHz
bandwidth, 4-8 MHz resolution, 2 us response time, and
dynamic ranges in excess of 20 dB. A resolution of 2.7
MHz has been obtained by using a Fourier transform lens
of long (53 mm) focal length [86]. For practical applica-
tion, the achievement of a large dynamic range is of great
importance. So far, a dynamic range in excess of 40 dB
has been reported [87]. As seen from these examples, the
design theory and the fabrication techniques of the IOSA
with geodesic lenses have been almost established. An
IOSA using Luneburg lenses has also been fabricated [88].
However, these lenses involve the problems as pointed
out in Section IV-B.

The alternative waveguide lenses for IOSA’s are dif-
fraction lenses. An IOSA construction using grating com-
ponents has been considered [89]. Fig. 37 shows a folded-
type IOSA using reflection-type chirped grating lenses
(CGL’s) butt coupled to the waveguide [64], [90]. The
grating lenses can easily be fabricated by the EB writing
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technique. Another advantage of this IOSA construction
is that the use of the off-axis reflection-type CGL’s and
the resultant folded (z-shaped) optical axis allow a re-
duced device length. In the device, only the collimated
guided wave undergoes the AO interaction with the SAW;
the diverging and converging waves have no interaction
since they are far from the Bragg condition. To obtain
wide-band operation, a two-stage array of tilted-finger
chirped IDT’s fabricated by the direct EB lithography was
adopted. Fig. 37 (b) shows the output spectrum signal ob-
tained with the fabricated device of 15 mm device length;
4 MHz resolution and 1 GHz bandwidth have been
achieved. Fig. 38 shows an IOSA using proton-ex-
changed Fresnel lenses [46]. The device has the advan-
tage that the lenses can be fabricated directly in the
LiNbO,; waveguide. In the fabricated devices of 40 mm
device length, 1 GHz bandwidth, and 2 and 3 MHz res-
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olutions with an He-Ne laser and laser diode, respec-
tively, have been obtained.

The frequency resolution of an IOSA is determined by
the diffraction-limited focal spot size and the pitch of the
available detector array; the former can be as small as 2-
3 pm, while the latter is around 10 pm at minimum.
Therefore, some interface element would be required in
the full integration to match the dimensions without en-
larging the IOSA and avoiding the reduction in overall
resolution. The use of a fan-out channel guide array shown
in Fig. 25 as a focal-plane expander (focal-plane dissec-
tor) has been discussed [S8].

Another possible IOSA construction is to use focusing
grating couplers instead of the waveguide lenses as will
be shown in Fig. 41. Then the light beam, after diffraction
by the FGC, propagates and is focused in the bulk sub-
strate crystal or in free space. This makes it easy to couple
the photodetector array directly with an FGC of long focal
length, eliminates the waveguide output-edge defect
problem, and makes the device performance less sensitive
to possible optical damage. Therefore, the configuration
would lead to easy fabrication and assembling and im-
provements in resolution and dynamic range.

With the achieved full integrating and the performances
described above, the fabrication of the LiNbO;-based
IOSA’s for practical application has come to within or
near the present technology. It should be mentioned that,
although the above-described IOSA’s employ the AO ef-
fect, there is another possibility of using the EO effect to
perform a discrete spectrum analysis [91]; a lensless IOSA
using an EO spatial light modulator has also been pro-
posed and the fundamental operation has been demon-
strated [92], [93].

2) Monolilthic Integration Using Si Substrate: The
photodetectors and the readout electronics required in I10-
SA’s are desired to be integrated with the optical com-
ponents on the same substrate. In this integration point of
view, it is more attractive to use a Si substrate than a
LiNbO; waveguide. Earlier IOSA developments aimed at
the implementation of an IOSA by integrating a Bragg cell
and Luneburg lenses in a Ta;05/S10,/S1 waveguide [94].
In recent years, prototype devices have been fabricated
by employing diffraction waveguide lenses.

Fig. 39 shows a schematic illustration of an integrated
optic Fourier processor using an acoustooptic Bragg cell
and Fresnel lenses in an As,S;/Si10,/Si waveguide [62].
The AO Bragg cell using an amorphous As,S; waveguide
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can be highly efficient and of low drive power since the
AO figure of merit of As,S; is very large. The Fourier
processor can be constructed by integrating a pair of Fres-
nel lenses. For the SAW excitation in the Bragg cell, ZnO
thin-film transducers of uniform and/or chirped periods
were integrated. Prototype devices without the photode-
tectors have been fabricated and the spectrum analyzer
function has been examined by using an external detector.
The AO Bragg cell exhibited a small-signal sensitivity of
1.2 percent/mW, and a high efficiency of 93 percent was
obtained at 230 mW input RF power. An RF frequency
bandwidth of nearly one octave (90-170 MHz) has been
obtained with chirped SAW transducer.

An IOSA using an Si3N./810,/81 waveguide has been
proposed and fabricated [95]. The lenses are GRTH Fres-
nel lenses fabricated by patterning the SiO; overlay clad-
ding by photolithography. A grating coupler and a peri-
odic channel waveguide array are integrated for the input
coupling and the output focal-plane-to-detector interface,
respectively. A four-stage multiple tilted array SAW
transducer using ZnO thin film is adopted to cover a 250
MHz bandwidth centered at 270 MHz. A spectrum ana-
lyzer resolution of 6 MHz has been demonstrated.

Although the fundamental spectrum analyzer opera-
tions have been demonstrated with Si-based devices, the
performances obtained so far are not enough for practical
applications. Further examination of the AO deflection at
higher frequency is required to know the ultimate perfor-
mance in this type of device. Although it seems to be
rather difficult to achieve a very wide bandwidth with a
Si substrate, there is a possibility of the monolithic inte-
gration of all the optical and electronic components ex-
cept for the laser diode source.

D. Correlators and Convolvers

RF signal processing by real-time convolution and cor-
relation is an important and effective technique for im-
proving the signal-to-noise ratio in radar and telecom-
munication systems. These processes can be performed
by acoustooptic interaction [60]; the devices can be im-
plemented by integrating AO Bragg cells and waveguide
lenses.

In the AO space-integrating devices, two signals are fed
into two cascaded Bragg cells to be converted into spatial
signals, and the product is spatially integrated by a lens
onto a photodetector to give the output signal. Applica-
tion of the reference signal with and without time inver-
sions results in correlation and convolution outputs, re-
spectively. In the AO time-integrating correlator, the LD
is intensity modulated by a signal and a reference signal is
fed into a Bragg cell. The diffracted light is then imaged
onto a photodetector array; the correlation signal is read
out after integration by the time constant of the detector
circuit. The necessary separation of the signal from the
background undiffracted light can be realized by inserting
a spatial filter between the Fourier transform and reimag-
ing lenses or by making use of anisotropic AO Bragg dif-
fraction [96]. A time-bandwidth product, which is equal

to the improvement of SNR, larger than 10° is feasible in
a time-integrating correlator [60].

A digital correlator employing an EO (electrooptic)
grating spatial light modulator and an AO Bragg cell have
also been fabricated [97]. The correlation signal between
the parallel digital signal applied the EO modulator and
the pulse signal fed to the AO Bragg cell is obtained at
the photodetector array. The correlation operation of 32
bits digital signal has been demonstrated with external
lenses.

Almost all of the elements required to realize integrated
optic devices of the above-described RF signal processing
of Fourier transform type are included in an IOSA; the
technology is a direct extension of the IOSA technique,
although the performance requirements for each compo-
nent become more stringent with the increasing number
of components to be integrated. The use of various dif-
fraction lenses could be made to implement many inte-
grated optic RF processing devices.

E. Integrated Optic Disk Pickup Devices

There has been much research and development interest
in optical disk memory systems because of the high mem-
ory density and capacity and the many applications.
Whereas the disk pickup heads are currently constructed
with microoptics, implementation by integrated optics
using a waveguide would lead to great improvements in
producibility, reduction of size, weight, cost, and en-
hancement of application flexibility. Research has been
aimed at the application of focusing grating couplers to
such an integrated optic approach. Most recently, a mono-
lithic integrated optic disk pickup device (IODPU) capa-
ble of detecting readout and focusing/tracking error sig-
nals has been proposed and demonstrated [52].

Fig. 40 (a) shows the schematic illustration of the
IODPU. The device is constructed by integrating a focus-
ing grating coupler (FGC), a twin grating focusing beam
splitter (TGFBS), and photodiodes in a film waveguide
on a Si substrate. The guided wave diverging from the
LD is focused by the FGC onto a point on a disk. The
wave reflected by the disk is collected and coupled back
into the waveguide by the FGC. Then the TGFBS divides
the reflected wavefront into halves, deflects (beam split-
ting), and focuses into two detecting points; the complex
function of the TGFBS minimizes the number of the com-
ponents. Thus, the disk signal is read out, and the focus-
ing/tracking error signals are also obtained by simple pro-
cessing of the photocurrents based upon the Foucault/
push—pull methods, respectively.

The prototype device was fabricated in a glass/SiO,/Si
waveguide with an integrated photodiode as shown in Fig.
31 (c¢). The FGC/TGFBS gratings were fabricated simul-
taneously in the same Si-N cladding layer. Fig. 40 (b)
shows a microphotograph of FGC/TGFBS and Fig. 40 (c)
shows the whole device. The dependence of the output
photocurrents on the mirror position is plotted in Fig. 40
(d), with the resultant focusing error signal. Although the
performance obtained so far is not sufficient for practical
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Fig. 41. Integrated optic flying spot scanners/printer heads.

application, the fundamental operation, i.e., the detection
of readout and focusing/tracking error signals, has been
experimentally demonstrated.

F. Integrated Optic Optical Scanners and Printer Heads

Optical scanners are an important element for image
processing systems, €.g., optical printers, displays, im-
age readout/conversion devices. Integrated optics could
also find applications in this area.

It is evident that an JOSA without a detector serves as
a flying spot scanner (FSS) when the Bragg cell is driven
by a frequency-sweeping signal. The spot can be magni-
fied and projected onto an image plane by an external lens.
The need for a bulky external lens, however, should be
eliminated. The important additional requirements for the
scanner applications include 1) enlarged focal plane in free
space with appropriate working distance, 2) high through-
put (low insertion loss), and 3) use of a high-power short-
wavelength laser. Integrated optic FSS’s satisfying these
requirements would evolve from IOSA’s.

The above consideration supports the use of focusing
grating couplers having a long focal length instead of
waveguide lenses. Fig. 41 shows a schematic illustration
of an integrated optic flying spot scanner/printer head
(IOFSS/IOPH) under development. The possibility of an
IOSA using FGC’s has been pointed out in Section VI-
C1) with the associated advantages. To make the device
compact, the output-beam arm can be multiple folded in
the glass block, as shown in Fig. 41 (b). The design con-
sideration shows that, with an FGC of 150 mm focal
length, 500 resolvable points of 50 pm spot width over a
25 mm long image line are feasible. To generate a pic-
torial image, the LD or the Bragg cell can be driven with
a video signal. In the preliminary experiment, FGC’s of
substrate radiation type have been fabricated by Si-N and
TiO, claddings on Ti:LiNbO; waveguides, and 60 pm
spot size and 40 percent efficiency have been obtained
with 110 mm focal length [98].
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VII. FUTURE APPLICATIONS
A. Telecommunication

In the area of optical fiber communication, the work on
WDM multi-/demultiplexers and WDM receiver termi-
nals should be continued with dielectric waveguides and
extended to devices with semiconductor waveguides.
Other applications include the use of grating component
as a heterodyne mixer to implement an integrated optic
receiver terminal for a coherent transmission system, the
use of a chirped grating as a retardation equalizer to en-
hance the transmission bandwidth, etc. The RF signal-
processing devices discussed in Section VI would possi-
bly find applications in spread spectrum telecommunica-
tion systems.

B. DFB and DBR Lasers

The most important application of periodic structures
in semiconductor lasers and optoelectronic integrated cir-
cuits (OEIC"s) is distributed feedback (DFB) and distrib-
uted Bragg reflection (DBR) structures [4], [11], [12].
Whereas most of the current DFB and DBR lasers are fab-
ricated by holographic interference lithography, applica-
tions of EB lithography are also possible [99]. The use of
grating components as a beam expander and an output
coupler in a semiconductor laser has also been proposed
[100]. The EB writing technique, offering higher resolu-
tion and larger flexibility, would extend the application in
this area, with the improvement in period controllability
and the establishment of the optical duplication technique
for mass production.

C. Optical Sensors

Sensor applications of integrated optics can be classi-
fied into two categories, i.e., 1) processing devices for
optical fiber sensors, and 2) integrated optic sensor heads.
In both applications, grating elements can be used for in-
put/output interfaces, beam dividing and combining, and
wavelength dispersion. An important future work is grat-
ing integration to construct interferometers, which are
needed in many sensor systems.

In the first category, fiber gyroscopes are currently of
great research interest [101]. Integrated coupler optics de-

vices [102] and integrated AO frequency shifters [103],
both for fiber gyros, are being developed. An on-wafer
gyro using grating components has also been considered
[104]. Fig. 42 shows a possible construction of an inte-
grated optic fiber gyro employing the heterodyne detec-
tion method. An AO frequency-shifter/beam-combiner
and reflection-chirped grating lenses with a beam splitter
function are to be integrated. Many alternative configu-
rations exist with the use of other diffraction lenses. Other
applications include heterodyne optics devices for fiber
laser Doppler velocimeter (LDV), integrated optic mul-
tichannel analyzers (evolving from the WDM demulti-
plexers) for multiwavelength sensing systems, etc.

As a simple example of the second category, a grating
coupler for use as a humidity/gas sensor has been reported
[105]. An integrated optic position/vibration sensor has
been fabricated by integrating an interferometer and a
grating coupler for the input-beam interface [106]. A po-
sition/vibration sensor can be implemented by modifying
the IODPU configuration shown in Fig. 40; a FGC can
couple a parallel sensing beam and a DBR grating for the
reference beam can be added to construct an interferom-
eter.

D. Optical Computings

There has been growing research interest in digital and
analog optical computings [66]. Spectrum analyzers, cor-
relators, and convolvers described in Section VI are ex-
amples of specialized optical computing devices. Optical
computing systems based upon bulk AO modulators and
lenses have been proposed [107]. It is possible to imple-
ment integrated optic versions of them by an appropriate
combination of grating elements described in Sections IV-
VI. An integrated optic device for matrix-vector multipli-
cation using grating components has been proposed and
is being developed [108].

E. Optical Interconnections for VLSI Systems

Grating components also will possibly play an impor-
tant role in the new area of optical interconnection for
VLSI systems [109]. The use of a hologram as a routing
element has been proposed [109]. In such applications,
wavefront conversion gratings (holograms) fabricated by
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EB writing in and/or outside waveguiding structures can
be used effectively since they do not suffer from the ab-
erration caused by the wavelength discrepancy between
fabrication and use.

VIII. CoNCLUSIONS

Selected research and development topics on integrated
optics components and devices using periodic structures
have been reviewed. It was demonstrated that the many
functions and the integration compatibility of grating
components allow implementation of numbers of fully in-
tegrated devices incorporating several functions to per-
form a specific operation. The effective use of electron-
beam writing as a versatile microfabrication technique for
a variety of grating and periodic components for integra-
tion was also demonstrated.

It should be noted that the recent applications are not
limited to optical communication, scientific, and indus-
trial purposes, but are extended to office and consumers’
uses. Now many applications are within the scope of the
present technology. It appears that some of the integrated
optic devices reviewed in this paper can be brought to the
practical use in the near future, after a short development
period, if only the needs are large enough. However,
many of them are still of research interest and require fur-
ther work to improve their performance. It is also hoped
that research work in new areas will be activated on the
basis of the present technology.
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